Thermal and Rheological Properties of Water-based Ferrofluids and Their Applicability as Quenching Media  by Župan, Josip & Renjo, Marijana Majić
 doi: 10.1016/j.phpro.2015.12.166 
Thermal and rheological properties of water-based 
ferrofluids and their applicability as quenching media  
Josip Župan1 and Marijana Majić Renjo1
1Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Zagreb, 
Croatia 
josip.zupan@fsb.hr, marijana.majic@fsb.hr 
Abstract
Water-based ferrofluids present a new energy transfer fluid with tunable properties. Previous research 
has shown the increase in thermal conductivity of water-based nanofluids with the addition of iron 
oxide. Such increased thermal properties show great potential for use in heat transfer. In this paper, 
several nanofluids were prepared with two step method. Iron (II, III) oxide nanoparticles with average 
paerticle size less than 50 nm were added to deionized water in following concentration: 0.01, 0.1, 0.5 
and 1 g/L. Their thermal and rheological properties were measured at 20, 40 and 60 °C. Results 
showed increase in thermal conductivity and viscosity with increase in the addition of nanoparticles at 
all three temperature levels. The biggest increase was observed at 20°C. For this research, all of the 
prepared nanofluids were tested as immersion quenching liquid according to ISO 9950 standard. 
Besides still conditions, quenching experiments were conducted under the magnetic field at two levels, 
500 and 1000 Gauss. The magnetic field effect was least present at 60°C with almost no influence on 
the cooling curve and cooling rates. At lower temperature levels quenching under the magnetic field 
shortened the full film boiling phase and increased the maximum cooling rate. 
Keywords: Ferrofluid, thermal conductivity, viscosity, quenching.
1 Introduction 
Nanofluids represent a novel energy transport fluid based on their improved properties compared 
to base fluids. Nanofluids are colloidal suspensions of stably dispersed nanoparticles in base fluids.
The term was established at Argonne National Laboratory as a part of the Advanced Fluids Program 
investigating means to enhance thermal conductivity of base fluids (Das et al. 2008). Investigations 
determined that for heat transfer applications, the average size of particles should be less than 100 nm. 
With particles less than 100 nm in diameter, nanofluids exhibit enhanced thermal properties (Godson 
et al. 2010). There are papers showing that thermal conductivity of nanofluids depends on several 
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factors: nanoparticle volume fraction, size and morphology, additives such as surfactants, pH value of 
the nanofluid, temperature and nature of base fluid, nanoparticle and base fluid material (Philip & 
Shima 2012). It is important to notice that different research groups obtained very different results of 
thermal conductivity of prepared nanofluids, leading to a discussion whether there is a valid 
theoretical model to predict and describe thermal conductivity of nanofluids. Parallel to intensive 
research in the field of heat transfer and application of nanofluids as new transport fluids, major 
concern was the viscosity of the newly developed fluids. This is due to the fact that viscosity 
represents internal resistance of a fluid to flow, an important property for all heat transfer applications 
involving fluids. Viscosity directly relates to the pumping power and in laminar flow pressure drop is 
proportional to the viscosity. A study found that temperature, nanoparticle size and shape, as well as
volume fraction have significant effects on the viscosity of nanofluids (Mahbubul et al. 2012). Results 
show increase of viscosity with nanoparticle volume fraction increase. Also, it was found that there is 
no existing model or correlation that is capable of precise prediction of the viscosity enhancement with 
respect to volume fractions. Contrary to the nanoparticle volume fraction effect, viscosity of 
nanofluids decreases as temperature increases.  
Quenching is still one of the most widely used industrial heat treatment processes. In order to 
achieve the desired physical properties of the quench-hardened work piece, it is necessary to control 
the cooling rate at all phases of quenching. Different cooling rates are applied in order to achieve 
specific properties. There are some basic differences between the cooling rates for various liquid 
quenchants (Liščić et al. 2010). Most commonly these media are water and water-based solutions, 
polymer solutions, quenching oils, molten-salt baths, fluidized beds and compressed gases. In order to 
achieve a specific cooling rate, ferrofluid was investigated as a novel immersion quenching medium. 
First experiments were conducted in order to investigate the influence of magnetic field on contact 
angle in bubble boiling (Chigarev 1984). Boiling stage is one of the most important parts of quenching 
process so the impact on this stage can affect mechanical properties of quenched workpiece. Magnetic 
field causes smaller diameter bubbles to depart the surface, leading to the increase in heat transfer. 
Also, there was an investigation on the possibilities of controlled quenching in a magnetic liquid 
(Mirkin et al. 1993). Quenching experiments with various concentrations of dispersed magnetic 
particles of magnetite in magnetic fields of various strengths showed that it is possible to control the 
course of phase transformations in the quenched steels. Special attention has to be given to the 
quenching arrangement. Studies have shown that the position of quenched workpiece against the 
magnetic field can influence the heat transfer (Bashtovoi et al. 1993). Cooling curves in the magnetic 
field parallel to the cylindrical sample axis stabilized a heat-insulating vapour film, so that the heat 
transfer conditions deteriorate. Magnetic field perpendicular to the sample axes led to higher heat 
transfer coefficient in all stages of quenching which resulted in higher achieved surface hardness. 
Objective of this paper is to investigate if prepared ferrofluids exhibit extraordinary thermal properties 
under the influence of the magnetic field. Enhanced thermal properties mean that ferrofluids in 
magnetic field show potential to be used as liquid quenchants. Experiments were conducted in order to 
determine quenching properties of prepared nanofluids in selected magnetic field. 
  
2 Experiments 
The selected method of nanofluid preparation consisted of adding nanoparticles to the base fluid, 
followed by ultrasonic homogenization for 90 minutes. Ultrasonic bath type BRANSONIC 220, with 
the frequency 50 kHz and power 120 W, was used to homogenize the nanofluid as well. For the 
preparation of nanofluids, iron (II, III) oxide particles produced by Sigma Aldrich, China were used. 
The average size of the nanoparticles was less than 50 nm. No dispersants, surfactants or activating 
agents were used. Pure magnetite nanoparticles were added to the base fluid, deionised water, and 
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4 Conclusions 
The following conclusions can be made from the obtained results: 
• Thermal conductivity of ferrofluids increases with the increase in nanoparticle content at 
all temperature levels. 
• Thermal conductivity for almost all of the tested nanofluids is in line with results from 
other researchers as well as in line with main models that describe thermal conductivity 
change in nanofluids, such as Hamilton-Crosser, Wasp or Bruggeman model. 
• Experimental results of dynamic viscosity for water-based ferrofluids at different 
temperatures and various nanoparticle content show decrease of viscosity with the 
increase of temperature. This is valid for ferrofluids with all of the tested nanoparticle 
contents as well as base fluid. 
• Ferrofluids without the presence of magnetic field at 40°C show similar behaviour to 
nanofluids with other types of nanoparticles – as the nanoparticle content increases, the 
maximum cooling rate increases and there is shorter full film boiling stage. 
• When magnetic field is applied, cooling rate increases and there is a change in the cooling 
curve. 
• The highest increase in maximum cooling rate is around 20% for ferrofluid with 1g/L of 
nanoparticles at 40°C and full film boiling stage is shorter. The magnetic field also 
influenced the last stage of the cooling process when convective heat transfer is dominant.  
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